Genome editing tools have simplified the generation of knock-in gene fusions, yet the requirement for gene-specific homology directed repair (HDR) templates still hinders the scalability of most approaches. Here, we combine intron-based protein trapping with homology independent repairbased editing and demonstrate precise and efficient gene tagging that can be easily scaled due to use of a generic donor. As editing is done in introns, this approach tolerates mutations in the unedited allele, disruptive indels, and allows for flexible donor and sgRNA design.
generic exon-tagging methods have been demonstrated 7, 8 , but because these require precise tagging at the coding sequence, they are limited in design flexibility and are prone to disruptive mutations at the non-tagged allele, as well as to indels within the tagged allele that can lead to frameshifts. Derivative strategies have been developed to increase the efficiency of homology independent repair-dependent tagging methods but at the cost of no longer utilizing a generic donor 9 .
An alternative approach for generating endogenous fusions is by random integration of synthetic exons delivered by transposons or retroviral particles 10 . This approach, known as "protein trapping" or "CD-tagging" 11 , is not restricted to small donors and has been used in both model organisms [12] [13] [14] and mammalian cells 15, 16 . While protein trapping is inexpensive and scalable, the random nature of tag integration precludes its use for the generation of curated libraries of fusion cell lines.
Here, we combine homology independent repair-based editing 9 with the use of a generic synthetic exon donor containing a fluorescence tag to perform targeted protein trapping at intronic locations ( Figure 1A ). This approach is efficient, easy to implement, and does not limit the size of the donor. Furthermore, in contrast to generic exon tagging, generic intron tagging benefits from increased flexibility of the donor design enabled by the splice acceptor and donor sites: any incorporated vector sequence external to those sites has no effect on the coding sequence of the tagged protein. Generic intron tagging also uniquely tolerates mutations in the non-tagged allele, as those are intronic and typically non-disruptive, as well as indels that flank the inserted donor as a result of editing that could lead to frameshifts in an exonic setting. Because the donor is generic, the generation of additional fusion cell lines only requires the cloning of additional introntargeting sgRNAs.
Initially, we designed a plasmid donor that contained the mNG211 tag, part of a recently- Figure 1B ). To test that our tagging approach was indeed mediated by double-strand breaks in both the genomic sequence and the donor plasmid, we removed each individual component of the transfection mix and found that efficient tagging indeed required all components ( Figure 1C ). We then tested the feasibility of integrating larger donors by replacing the mNG211 epitope with a full mClover3 fluorescence protein (FP) and found comparable integration efficiencies ( Figure 1D ). Interestingly, integrating a full-length FP in ACTB resulted in a lower expression level and a diffuse localization pattern, consistent with the production of nonfunctional protein (right most panels in Figure 1B and 1D) . Lastly, to verify that the activity we observed was not specific to 293 cells, we also successfully tagged HeLa cells ( Figure 1E ).
Unsuccessful tagging can be a result of inefficient sgRNA cutting, low donor integration, inefficient splicing, or a fusion location that disrupts protein expression. To start investigating these alternatives, we chose two genes, ACTB and CANX, and designed nine sgRNAs for each that spanned three introns. We then measured tagging efficiency and the expression levels of tagged cells for each of these locations ( Figure 2A ,B). We found that both tagging efficiency and expression levels roughly correlated within the same introns, indicating that the location of the fusion is a more critical parameter than the choice of the sgRNA within an intron. We further validated this by testing for donor integration in the total transfected cell populations using pairs of primers that were designed to amplify the genomic DNA to donor junction on both sides of the donor ( Figure 2C , diagram). We were able to identify integration for all sites ( Figure 2C ), with no discernable directional preference ( Figure 2C , lower panel). Tandem insertions were also prevalent as evidenced by the upper bands that correspond to twice and sometimes three times the expected molecular weight. We also used Sanger sequencing on some of the amplified junctions and found accurate integration sometimes flanked by junction indels ( Figure 2D ), further emphasizing the advantages of targeting introns using such an approach.
To summarize, we show that generating endogenous fusions by generic intron tagging is efficient and easy to implement. As editing is done in introns, this approach tolerates indels both in the untagged allele and in the sequences that flank the donor integration site. We show that testing a small number of sgRNAs, spanning multiple introns, is sufficient to identify a successful tagging site, and since these do not require a loci-specific donor, costs are minimal. While more information is needed to better understand how to integrate tags within proteins in the least disruptive way, this approach simplifies the generation of knock-in cell lines and makes scalable gene tagging highly accessible. Table 1 ). In total, ~1.4 µg of DNA were delivered to each well in 100 µL optimem (Thermo Fischer Scientific) with 4.3 µL of 1g/L PEI (Polysciences, cat. #24765). The following day, each well was expanded into a 10 cm dish. After six days, cells were harvested, analyzed by flow cytometry, and subjected to genomic DNA extraction.
Flow cytometry and cell sorting
Cultured cells were trypsinized, resuspended in DMEM to ∼1 × 10 6 cells/ml, and filtered through a cell strainer. Cellular fluorescence was measured on a BD FACSAria Fusion (BD Biosciences).
Polyclonal fluorescent cell populations were acquired by isolating 1000 cells by sorting. Data were analyzed using Flowing Software 2 ver. 2.5.1 (http://flowingsoftware.btk.fi/index.php).
Confocal microscopy and image processing
For imaging experiments cells were grown on coverslips and directly fixed in 4% formaldehyde 
Target analysis
Roughly 2 to 3 x 10 6 cells were harvested for genomic DNA extraction in 100 μL of QuickExtract 
